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Submitted: May 15, 2012 It is known that obstacle crossing performance is a difficult task for many people following stroke. Said et al. (1999) 1 found that 11 out of 24 people recovering from stroke made accidental foot contact or lost balance on at least one occasion during 12 attempts to step over a small obstacle. Investigations have also shown that people with stroke use different gait strategies to cross a 4-cm high obstacle compared to unimpaired participants. 2, 3 People with stroke crossed the obstacle more slowly than unimpaired participants. The slower speed, however, did not account for all gait adjustments. Compared with unimpaired participants walking at matched speed, the gait adjustments made by people with stroke differed depending on which limb crossed the obstacle first. For example, the foot of the unaffected lead limb, affected trail limb and unaffected trail limb were placed closer to the obstacle after crossing, compared to unimpaired participants at matched speed. Moreover, the body's centre of mass (COM) was positioned closer to the heel of the support limb when the affected lead toe cleared the obstacle. This would reduce the chance of losing balance forwards if the lead limb inadvertently contacts the obstacle. These findings suggest that the gait adjustments during obstacle crossing are due to the stroke, and not simply secondary to reductions in gait speed following stroke.
To provide further evidence of the construct validity of the obstacle crossing task, the ability of the task to differentiate between different groups of people with stroke needs to be established. It would be of interest to determine whether obstacle crossing can differentiate between people who fall following stroke, and people who do not fall. Falls are a major problem following stroke, with up to 70% of people with stroke falling after returning home. [4] [5] [6] [7] [8] Many people who can walk following stroke, as it provides a more challenging test of dynamic balance [12] [13] [14] and locomotor control [15] [16] [17] [18] compared to level overground walking. To date no studies have explored whether people with stroke who contact the obstacle or lose balance while crossing an obstacle have more falls than those who pass an obstacle crossing task. Establishing whether obstacle crossing performance differentiates between fallers and non fallers following stroke would provide additional evidence that obstacle crossing is important to consider following stroke.
It is also not known whether the gait adjustments utilised by people with stroke who successfully clear an obstacle differ from the gait adjustments utilised by people who contact the obstacle or lose balance during the task. It is reasonable to propose that greater deviation from a 'normal' gait pattern places people with stroke at risk of failing the task. Alternatively, some adjustments may reduce the risk of obstacle crossing failure. For example, it is reasonable to hypothesise that placement of the lead limb closer to the obstacle on landing (after the obstacle)
will increase the risk of accidental heel contact. In contrast, reducing the distance between the COM and trail heel during affected lead toe clearance (i.e. maintaining the COM within the base of support) may improve stability and reduce loss of balance. Understanding which gait modifications are associated with obstacle crossing success or failure will assist physical therapists develop strategies to improve obstacle crossing performance in people recovering from stroke.
The purpose of this study was twofold:
1. To determine whether the incidence of falling differs between people with stroke who fail an obstacle crossing task and those who pass.
2. To ascertain whether the gait adjustments utilised during obstacle crossing by people with stroke differ between those who fail and those who pass.
Method
This was an observational study. 
Participants
Potential participants were identified by the treating physiotherapists at XXXXX and XXXXXX. Thirty-two participants receiving physiotherapy following a recent stroke, and capable of walking 10 metres without a gait aid or physical assistance were recruited.
Participants had to able to provide informed consent and follow instructions. Participants were excluded if they had other medical, musculoskeletal or neurological conditions that may have impacted upon walking. One participant had a previous stroke 8 years earlier with no residual neurological deficits (had returned to competitive tennis). One participant had no clinical history of stroke but CT revealed an old lesion. This was the first stroke for the remaining 30 participants. Seventeen participants had a left hemiplegia. The mean age of all participants was 62.6 years (SD = 15.4), mean height 168.5 cm (SD = 9.3), mean gait speed (no obstacle) was 81 cm/s (SD = 36) and they were tested a median of 53 days (IQR = 40) post stroke. No participants withdrew from the study. Additional data are provided in Table 1 .
Apparatus
Data were collected in two laboratories. OX2OJB, United Kingdom), allowed the identification of the flexion/ extension knee axis and joint centre. As a marker could not be placed on the toe, a series of static trials using a custom made triangular device with three non-collinear markers and a known end point identified the distal point of the toe and heel on the sole of the shoe, 2 allowing calculation of the toe and heel in the walking trials.
All participants performed four unobstructed walking trials at self-selected speed, to familiarize themselves with the testing situation. They then performed eight trials with the obstacle. Eight trials provided sufficient opportunities for participants to lead with both limbs and to fail the task, as our previous study demonstrated fails were spread throughout a testing session. 1 Participants were instructed to walk at self-selected speed and step over the obstacle without contacting it or losing balance. They were reminded to perform the task within their limits of safety and stop if they felt at risk. For safety, participants were accompanied by a therapist, who walked behind and to the side of the subject, lightly holding a safety belt worn by The 20 participants who participated in the second testing period prospectively recorded any falls in a falls diary during the six months following testing. They were told that a fall was any event where they made unintentional contact with the ground or lower surface. Participants who had no falls were classified as Non Fallers, and participants who had one or more falls were classified as Fallers. Falls data were not obtained for the first data collection period (12 participants).
Gait Variables: Data Processing
For each participant, one trial leading with the affected limb and one trial leading with the unaffected limb were identified and analysed. Trials were excluded from motion analysis if the subject required therapist assistance to maintain balance, as data may have been erroneous.
The first trial with adequate data (minimal marker occlusion and clean forceplate strike) was selected. The trial selected was the first attempt to cross the obstacle with a given limb in 46% of trials analysed. It has been previously reported that the gait pattern utilized by this sample of people with stroke to cross an obstacle is reasonably consistent over three attempts, 19 so the selection of one trial for further analysis was justified.
Data from the first laboratory were filtered using a three point weighted average procedure provided by BodyBuilder® (Oxford Metrics Ltd, 14 Minns Estate, West Way, Oxford, OX2OJB, United Kingdom). Data collected from the second laboratory were filtered using
Woltring filtering routine with a predicted MSE value of 20. BodyBuilder® was used to create COM and 'virtual markers' on the shoe at the most distal point of the big toe and heel as previously reported. 2, 3 COP data was also obtained via BodyBuilder®. Data were then exported to Microsoft Excel for further analysis.
Variable Selection
Variables that have already been shown to differentiate the obstacle crossing performance of people with stroke from healthy controls were collected. 2, 3 For example, obstacle crossing gait speed (calculated from lead heel contact pre-obstacle to trail heel contact post-obstacle) is known to be significantly slower following stroke. 2 Table 2 lists other variables collected in this study, and definitions for these variables are provided in Figure 1 . These variables were selected as they differentiate between the obstacle crossing performance of people with stroke and unimpaired people walking at matched speed. 2, 3 In addition, affected lead limb post obstacle distance and affected trail limb vertical toe clearance were collected. Although differences in people with stroke have only been reported compared with healthy people walking at selfselected speed, these measures are of interest since reductions potentially increase the risk of obstacle contact.
Sample Size Estimation
It has previously been shown that 45% of people with stroke fall within 6 months of discharge from rehabilitation, 8 and that one in three people with stroke fail one or more trials on an obstacle crossing task. 22 Assuming that 85% of people who fail will be classified as Fallers and 20% of people who do not fail will be classified as Fallers, a sample size of 20 would have 80% power to detect a significant difference (alpha = .05) between groups.
Statistical Analysis
All statistical analyses were undertaken using IBM SPSS Statistics version 19 for Windows (IBM). As falls increase with age, a Mann Whitney U test was performed to determine whether people with stroke who fell were older than those who did not fall. To determine whether the incidence of fallers was higher in the Fail group compared to the Pass group, the incidence rate was calculated for each group and the incidence rate ratio was calculated. Fisher's exact test was then utilized to determine whether the incidence of fallers differed between the two groups.
In addition to gait speed, 19 gait variables were identified as being of interest (Table 2) .
To reduce the number of comparisons, correlations between variables were examined. If a high correlation between variables was detected (> .8), one variable was eliminated from further analysis, as indicated in Table 2 . All eliminated variables were highly correlated with affected lead limb crossing speed. In addition to affected lead limb crossing speed, 8 variables were included in further analysis, as indicated in 
Results
One subject was unable to complete all eight obstructed trials due to fatigue. This subject had already failed an attempt to step over the obstacle, and was therefore able to be classified and included in analysis. One subject died before the end of the six month follow up period.
This subject had recorded two falls and was able to be classified, so was also included in the analysis. Three participants did not lead with the unaffected limb for any trials, as indicated in Table 1 , therefore data for the unaffected lead limb were only available for 29 participants.
There was no other missing data. One subject used a non-reciprocal gait pattern (the lead limb touched down before clearing the obstacle) for one trial leading with the affected limb and one trial with the unaffected limb, one subject used a non-reciprocal gait pattern for one trial leading with the affected limb; however data were available from other trials.
Ten of the 32 participants failed one or more attempts to cross the obstacle. Fails were spread throughout the session, and could not be attributed to fatigue or task novelty. Seven of the twenty participants who completed falls diaries reported a fall (Table 3) 
Discussion
People with a sub-acute stroke who failed to safely step over a 4-cm high obstacle on even one of eight attempts had a higher incidence of fallers in the subsequent six months. While the result was significant, a main limitation of the study is that falls data was only available for 20 participants. The results indicated that people who fell were older than those who did not fall. This is not surprising, given that associations between falls and age have been demonstrated in people with stroke 7 and the general older population. It is possible that the difference in the incidence of fallers between people who failed and those who passed was influenced by age.
However, studies using a similar protocol have reported no fails in healthy older adults. People who failed had greater separation between the COM and heel as the affected lead limb cleared the obstacle, once speed was taken into account. There was also a trend for people who failed to have greater separation between the COM and COP on the affected stance limb during unaffected lead limb clearance. Lead limb clearance is a particularly challenging phase in obstacle crossing, 13 and maintaining the COM closer to the heel or COP would increase stability. Conversely, greater separation between the COM and the heel or COP would increase the risk of losing balance. Results of earlier research demonstrated that, when leading with the affected limb, the COM was positioned closer to the heel in people with stroke, compared to healthy participants. 3 It was hypothesised that this adaptation was a 'safe strategy', as it would reduce the risk of people with stroke losing balance. The previous study also found that when people with stroke led with the unaffected limb, there was greater separation between the COM and the COP of the affected stance limb, which was hypothesised to increase instability. The results of this study provide additional support for the hypotheses that positioning the COM posteriorly and minimising the separation between COM and COP may reduce loss of balance and risk of failure in people with stroke.
Once speed was accounted for, lead limb placement after the obstacle did not differ between people who failed and those who passed (Table 3 ). This finding was somewhat surprising, particularly given all contact fails were made by the lead limb on landing. One potential issue with normalizing for speed is that due to task demands, there is a limit as to how far people can reduce some spatial variables, even when walking very slowly. These participants had very large normalized values for post obstacle distance, as reflected by the large standard deviations in Table 4 . This may limit the ability of these variables to differentiate between those who failed and those who passed. There is evidence that placement of the lead limb closer to the obstacle on landing is partly related to obstacle crossing speed. * Gait Aid is the aid the participant reported using for walking at home/ in the community. No SPS/ frames were used during testing. For safety participants were allowed to use AFO or SAB. † Did not lead with the unaffected limb for any trials ‡ Unable to complete eight trials due to fatigue. MCA = middle cerebral artery, ACA = anterior cerebral artery, SPS = single point stick, 2WF = 2 wheeled frame, 4WF = 4 wheeled frame, AFO = Ankle foot orthosis, SAB = Swedo Ankle brace, ALC = Affected lead limb contact, ULC = Unaffected lead limb contact, TA = therapist assistance required. Falls data were available for participants 13-32. Table 2 . Summary of reported differences in gait adjustments during obstacle crossing following stroke, compared with healthy subjects walking at a matched speed.
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Lead limb Variable Difference following stroke* Table 4 . Gait parameters for people with stroke who passed and failed an obstacle crossing task. 
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